Introduction.
Introduction
Earthquakes were responsible for an estimated 1.87 million deaths in the 20 th century with an average of 2,052 fatalities per event affecting humans between 1990 and 2010 1 , 2 . The magnitude 8.9 Japan earthquake and resulting tsunami in March 2011 was responsible for more than 28,000 deaths; in comparison, the smaller magnitude 7.0 earthquake occurring in Haiti in January 2010 resulted in an estimated 222,500 fatalities 2 . In recent history, the Pacific Rim is the most affected by seismic activity, with 81% of the world's largest earthquakes occurring in this region 3 .
Earthquakes result from sudden energy releases in the earth's crust, which create seismic waves that result in ground shaking. Earthquakes are usually caused by slippage on a fault due to built up friction between tectonic plates but can also be caused by volcanic eruptions or manmade explosions 4 . Millions of earthquakes occur each year, though only a small proportion is strong enough to be felt and even fewer cause damage.
Earthquakes occur at focal depths of 700 km to just under the earth's surface, and the strength of shaking diminishes with increasing distance from the earthquake's source 5 . Earthquake magnitude measures the energy released by an earthquake and is described by the moment magnitude scale, which is a logarithmic scale, so that a magnitude 5 earthquake is about 10 times less powerful than a 6, and 100 times less that a magnitude 7. A magnitude 2.5 earthquake is not generally felt by humans, whereas earthquakes with
Earthquakes occur at focal depths of 700 km to just under the earth's surface, and the strength of shaking diminishes with increasing distance from the earthquake's source 5 . Earthquake magnitude measures the energy released by an earthquake and is described by the moment magnitude scale, which is a logarithmic scale, so that a magnitude 5 earthquake is about 10 times less powerful than a 6, and 100 times less that a magnitude 7. A magnitude 2.5 earthquake is not generally felt by humans, whereas earthquakes with magnitude >7.0 may cause widespread destruction 6 . Earthquake impact is assessed by the Modified Mercalli
Intensity Scale, which describes the severity of damages from the event on a scale from I to XII, with I being no damage and XII being complete destruction with no surviving structures. Building design, geography and development indicators are important factors in earthquake vulnerability. The objectives of this review were to describe the impact of earthquakes on the human population, in terms of mortality, injury, and displacement and to identify country and event characteristics factors associated with these outcomes. This is one of five reviews on the human impacts of natural disasters, the others being volcanoes, floods, tsunamis, and cyclones.
Methods
The impact of earthquakes events was summarized using two methods, a historical review of earthquake events, and a systematic literature review for publications relating to the human impacts of earthquakes with a focus on mortality, injury, and displacement.
Historical Event Review
A historical database of significant earthquakes between 1980 and 2009 was created. Four publically available data sources were used to create the most complete possible listing of events, allow for inclusion of both human and geophysical factors, and enable cross checking. The two primary sources were the Centre for Research on the Epidemiology of Disasters International Disaster Database (CRED EM-DAT) 7 and the National Oceanic and Atmospheric Administration's National Geophysical Data Center (NOAA-NGDC) Significant Earthquakes Database 8 . Earthquakes included in EM-DAT met one or more of the following criteria: ≥10 deaths; ≥ 100 affected; declaration of a state of emergency; or a call for international assistance. Earthquakes included in the NOAA-NGDC database met one of the following criteria: ≥10 deaths; moderate damage (US$ 1 million or more); magnitude ≥7.5; Modified Mercalli Intensity X or greater; or the earthquake generated a tsunami. All events reported by EM-DAT were retained (n=706), and zeroes were converted to missing values for injury, homeless, and affected measures; for deaths and total affected, zeroes were converted to missing values only when no other information was reported. Earthquakes from the NOAA-NGDC database were retained if one of the following criteria were satisfied: magnitude ≥5.5; ≥10 deaths; or ≥100 injured (n=579).
Two additional sources, the United States Geological Survey (USGS) Earthquake Hazards Program Global
Database 9 and the Northern California Earthquake Data Center (NCEDC) 10 were used to collect information on specific earthquake characteristics (coordinates, magnitude, focal depth, additional information when available). When available data from these sources were added for events reported by EM-DAT and/or NOAA-NGDC; new events were added only when mortality was reported by USGS. Earthquakes occurring in uninhabited areas that did not cause injury or death were removed. The final list comprised 953 earthquakes occurring between 1980 and 2009; information on mortality, injury or displacement was reported by one or more sources in 738 events. See http://www.jhsph.edu/refugee/publications_tools/index.html for the database of earthquake events.
The following outcome categories were used to assess risk factors for earthquake-related mortality: no deaths (0 deaths); low (1-9 deaths); medium (10-99 deaths); and high (≥100 deaths). Bivariate tests for associations between mortality and the following characteristics were performed using χ 2 (categorical measures) and
Title screening was performed to identify articles that were unrelated to natural disasters or human populations.
Each title was screened by two reviewers and was retained if either or both reviewers established that inclusion criteria were met. Percent agreement was assessed across reviewers, and title screening began after 80% agreement was achieved. A total of 4,873 articles were retained for abstract review. During abstract screening articles that met one or more of the following criteria were excluded: language other than English; editorial or opinion letter without research-based findings; related to environmental vulnerability or hazard impact but not human populations; individual case report/study; focus on impact/perceptions of responders; and not related to human or environmental vulnerabilities or impacts of hazards. Each abstract was screened by two reviewers and was retained if either or both reviewers established that inclusion criteria were met. Again, 80% agreement between reviewers was achieved prior to screening. During the abstract review, included abstracts were coded for event type, timeframe, region, subject of focus, and vulnerable population focus. A total of 3,687 articles were retained for full article review. Articles discussing the impacts of natural disasters on human populations in terms of mortality, injury, and displacement were prioritized for review. From this general review of 395 articles specific to earthquake events meeting the aforementioned subject focus criteria were identified for full review.
Upon full review, 150 articles were retained 143 that underwent standard data abstraction; seven that were identified as review articles ( Figure 1 ). Articles that focused on risk factors for specific types of injuries (primarily crush injuries and renal failure) or deaths were excluded because they did not provide insight on overall risk factors for mortality or injury. In total, 70 articles relating to risk factors for mortality, injury or displacement were identified; summaries of articles with primary data (n=60) and review articles (n=10) are presented in Tables 1 and 2 , respectively.
Upon full review, 150 articles were retained 143 that underwent standard data abstraction; seven that were identified as review articles ( Figure 1 ). Articles that focused on risk factors for specific types of injuries (primarily crush injuries and renal failure) or deaths were excluded because they did not provide insight on overall risk factors for mortality or injury. In total, 70 articles relating to risk factors for mortality, injury or displacement were identified; summaries of articles with primary data (n=60) and review articles (n=10) are presented in Tables 1 and 2 , respectively. Subduction zone earthquakes can have larger magnitudes and produce more widespread damage, but volcanic-front earthquakes are more frequent and pose greater risk because they occur closer to densely populated areas.
Alexander, 199674
Review of 83 earthquakes from 1993-1996
Deaths and injuries occurred in at least 40 and 42 earthquakes, respectively. Most deaths and injuries (86% and 97%, respectively) were caused by earthquakes with 6.5-7.4 magnitude and occurred between midnight and 6 AM (94% and 77%, respectively). Building collapse was the primary cause of death and injury; in 23 earthquakes, running out of doors in panic was mentioned, which can increase risk of injuries and deaths.
Musson, 200375
Review of fatal earthquakes in Britain from Of the ten fatal earthquakes that occurred in Britain from 974 to 2003, only 10 were directly attributable to the earthquake event.
Six were due to falling stones/rock and four due to building damage. There was no correlation between magnitude and mortality. Earthquake timing and aftershocks are important factors related to earthquake mortality. Earthquakes that occur during the night or early morning cause more deaths than earthquakes that occur during the day. In evening/night earthquakes, mitigation efforts are hampered by decreased visibility, falling debris and electricity outages. Some regions of India are more prone to severe earthquakes than others due to geological location.
Fu et al., 200578
Review of characteristics of 420 shallow, strong earthquakes that were associated with fatalities in China from From 1901 to 2001 the majority of earthquakes that caused harm to humans in China were shallow and strong; these earthquakes (n=420) caused at least 604,677 deaths. Most earthquakes with magnitude >6 occurred in Western China; the two deadliest were in 1920 (246,269 deaths; magnitude 8.6; Haiyuan, Ningxia) and 1976 (250,723 deaths; magnitude 7.8; Tangshan, Hebei). The main cause of death was building collapse; risk factors for death included time of day, building damage levels and population density. A non-linear relationship between magnitude and mortality was also observed.
Gutierrez et al., 200579
Multivariate analysis of mortality using demographic, seismic and geographic parameters in 366 earthquakes, 1980-2001 Between 1980 and 2001, 553,000 injuries and 190,000 deaths were reported in 366 earthquakes. A multivariate mortality prediction method was proposed that includes physical and geographic location, human population, GDP per capita, and magnitude. As magnitude increased mortality increased; and as depth increased, mortality decreased. However, high magnitude may not induce high mortality if it is not combined with key physical and demographic criteria. Rural and semi-rural areas with poorly built environments had higher mortality. Subduction zone earthquakes can have larger magnitudes and produce more widespread damage, but volcanic-front earthquakes are more frequent and pose greater risk because they occur closer to densely populated areas.
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Multivariate analysis of mortality using demographic, seismic and geographic parameters in 366 earthquakes, 1980-2001 Between 1980 and 2001, 553,000 injuries and 190,000 deaths were reported in 366 earthquakes. A multivariate mortality prediction method was proposed that includes physical and geographic location, human population, GDP per capita, and magnitude. As magnitude increased mortality increased; and as depth increased, mortality decreased. However, high magnitude may not induce high mortality if it is not combined with key physical and demographic criteria. Rural and semi-rural areas with poorly built environments had higher mortality.
Spence, 200780
Review of earthquakes from 1960-2006 focusing on earthquake mortality and affected countries' earthquake risk mitigation and prevention strategies
Between 1960 and 2006, the ten most lethal earthquakes caused 80% of the 1 million earthquake deaths and occurred in low-and middle-income countries. The main cause of death was building collapse; unreinforced masonry buildings were associated with higher death tolls. Efforts to control and reduce earthquake mortality have made progress in wealthier earthquake prone countries but little or no progress in low-and middle-income countries. Recent experience of a strong earthquake and availability of resources for mitigation were the two strongest determinants of action for risk mitigation. Growing urbanization and populations in developing countries have increased the risk of human impacts. Establishing and implementing building standards is the most important strategy for mortality and injury reduction.
Gautschi et al., 200881*
Review of individual and population impacts of major earthquakes from the 20 th and 21 st centuries and mitigation strategies
Reviews earthquakes with the most deaths and injuries from 20 th and 21 st century and describes common earthquake injuries and effective treatment approaches. In recent earthquakes mortality was significantly higher in intensive care patients treated in local earthquake-affected hospitals then those treated in unaffected hospitals. In order to minimize trauma-related mortality, knowledge of local medical facilities, equipment, capacity, and transportation infrastructure are important as is a medical transport corridor.
Chan et al., 201082*
Review of the human impact of earthquakes in China from 1906-2007
China has had the greatest human impact from earthquakes of any country in the past century. This review summarizes the mortality tolls from earthquakes in China and other major earthquakes from 1906 to 2007 and identifies gaps in the literature including lack of research on mortality and morbidity risk factors and populations with chronic disease.
Results

Historical Event Review
Overall , Earthquake mortality increased in parallel with the frequency of events from the 1980s onwards ( Figure 3 ). A rapid increase in earthquake-affected populations was observed after 2000, which is likely a result of both improved reporting and population growth ( Figure 3 ). Earthquakes were most frequent in the Americas, SouthEast Asia and the Eastern Mediterranean with each region accounting for 20-25% of events; however earthquake impact was greatest in the Western Pacific, which accounted for 44% of deaths and Americas, which accounted for 60% of the affected population ( Figure 4 ). The overall impact of earthquakes on human populations is summarized in Earthquake mortality increased in parallel with the frequency of events from the 1980s onwards ( Figure 3) . A rapid increase in earthquake-affected populations was observed after 2000, which is likely a result of both improved reporting and population growth ( Figure 3 ). Earthquakes were most frequent in the Americas, SouthEast Asia and the Eastern Mediterranean with each region accounting for 20-25% of events; however earthquake impact was greatest in the Western Pacific, which accounted for 44% of deaths and Americas, which accounted for 60% of the affected population ( Figure 4 ). The overall impact of earthquakes on human populations is summarized in Earthquake mortality increased in parallel with the frequency of events from the 1980s onwards ( Figure 3) . A rapid increase in earthquake-affected populations was observed after 2000, which is likely a result of both improved reporting and population growth ( Figure 3 ). Earthquakes were most frequent in the Americas, SouthEast Asia and the Eastern Mediterranean with each region accounting for 20-25% of events; however earthquake impact was greatest in the Western Pacific, which accounted for 44% of deaths and Americas, which accounted for 60% of the affected population ( Figure 4 ). The overall impact of earthquakes on human populations is summarized in Table 4 . All predictors except for earthquake focal depth were significantly associated with mortality. In the adjusted multinomial logistic regression model (Table 5) , only magnitude was significantly associated with earthquake mortality. World Bank development level, the Gini Index coefficient, and focal depth were not statistically associated with earthquake-related mortality. The odds of a high mortality event as compared to an event with no deaths increased by 11.93 (95 CI Table 4 . All predictors except for earthquake focal depth were significantly associated with mortality. In the adjusted multinomial logistic regression model (Table 5) , only magnitude was significantly associated with earthquake mortality. World Bank development level, the Gini Index coefficient, and focal depth were not statistically associated with earthquake-related mortality. The odds of a high mortality event as compared to an event with no deaths increased by 11.93 (95 CI Table 4 . All predictors except for earthquake focal depth were significantly associated with mortality. In the adjusted multinomial logistic regression model (Table 5) , only magnitude was significantly associated with earthquake mortality. World Bank development level, the Gini Index coefficient, and focal depth were not statistically associated with earthquake-related mortality. The odds of a high mortality event as compared to an event with no deaths increased by 11.93 (95 CI: 5.35-26.57) per additional point on the magnitude scale. Table 4 . Table 4 . 
<0.001 Systematic Literature Review
Mortality. Of the articles reviewed, 27 reported on causes of death (n=17) and/or risk factors including sex (n=8), age (n=15), building or location (n=17) and other risk factors (n=11) ( 
PLOS Currents Disasters
systems characteristics associated with mortality risk included time to rescue 15 , per capita availability of physicians and hospital beds 33 , and prior first-aid or rescue training of lay, uninjured survivors 22 ; better availability of rescue and early emergency care could prevent a substantial portion of deaths 17 .
Injury. Detailed information on injury was reported in 51 articles among which 42 included data on injury type, 30 on gender risk, and 31 on age risk (Table 7) . Soft tissue injuries (including lacerations and contusions) and fractures were the most common types of injury reported 15 , 16 , 23 , 25 , 27 , 29 , 43 , 47 , 51 , 52 , 53 , 56 , 58 , 60 , 62 , 67 , 69 , 70 ,  71 , and the extremities were the most likely areas of the body to be affected 26 , 46 , 50 , 51 , 59 , 61 . Crush injuries/syndrome were reported as the most common injury in several in-patient studies, and there was a substantial body of literature on this topic (articles focusing on a specific injury type were not abstracted for this review) 16 , 32 , 45 , 55 . The proportion of injured by sex and, when combined, suggests a similar injury risk among males in females-Males accounted for the majority in eleven studies 13 , 32 , 43 , 46 , 48 , 50 , 51 , 52 , 53 , 71 , 73 and   females in sixteen 23 , 26 , 28 , 32 , 34 , 35 , 39 , 45 , 47 , 54 , 56 , 58 , 59 , 62 , 63 , 65 , 70 , 72 . However statistically significant differences were observed in a few cases, all of which suggested increased female risk 28 systems characteristics associated with mortality risk included time to rescue 15 , per capita availability of physicians and hospital beds 33 , and prior first-aid or rescue training of lay, uninjured survivors 22 ; better availability of rescue and early emergency care could prevent a substantial portion of deaths 17 .
Injury. Detailed information on injury was reported in 51 articles among which 42 included data on injury type, 30 on gender risk, and 31 on age risk (Table 7) . Soft tissue injuries (including lacerations and contusions) and fractures were the most common types of injury reported 15 , 16 , 23 , 25 , 27 , 29 , 43 , 47 , 51 , 52 , 53 , 56 , 58 , 60 , 62 , 67 , 69 , 70 ,  71 , and the extremities were the most likely areas of the body to be affected 26 , 46 , 50 , 51 , 59 , 61 . Crush injuries/syndrome were reported as the most common injury in several in-patient studies, and there was a substantial body of literature on this topic (articles focusing on a specific injury type were not abstracted for this review) 16 , 32 , 45 , 55 . The proportion of injured by sex and, when combined, suggests a similar injury risk among males in females-Males accounted for the majority in eleven studies 13 , 32 , 43 , 46 , 48 , 50 , 51 , 52 , 53 , 71 , 73 and   females in sixteen 23 , 26 , 28 , 32 , 34 , 35 , 39 , 45 , 47 , 54 , 56 , 58 , 59 , 62 , 63 , 65 , 70 , 72 . However statistically significant differences were observed in a few cases, all of which suggested increased female risk 28 
While mortality estimates in this study are consistent with those reported by other sources 2 the numbers injured and homeless populations are likely gross underestimates given the low frequency with which these figures are reported. Prior review articles either focused on specific regions 69 , 71 , 73 , 74 , 78 , a limited 12 , and development level of the affected area 79 , 80 . With respect to severity, greater focal depth was inversely associated with mortality, whereas greater magnitude (moment scale) was positively associated with mortality. In terms of place, earthquakes were relatively evenly distributed across the Western Pacific, American and European regions, whereas the plurality of deaths occurred in the Western Pacific, followed by the Eastern Mediterranean region. The largest numbers affected by earthquakes were in the Western Pacific followed by the South East Asia. As observed in previous studies, these findings are skewed by large events, such as the 2005 Pakistan earthquake that resulted in approximately 75,000 deaths 79 , 80 , 81 . The
Haiti earthquake in 2010, one of the deadliest on record, which falls just outside the scope of the review period, is illustrative of how an occasional high-impact event can drastically change regional impact distributions and study conclusions.
In terms of time trends, the number of earthquakes has increased steadily since the 1980s and a greater number of people have been affected over time. While improved reporting may partly explain an increase in the number of earthquake events, the increases in mortality and the size of affected populations may also be attributable to population growth, urbanization and migration 80 and changes in land use patterns 76 . Similar to other reviews lower economic development level, measured by per capita GDP, was associated with increased mortality which suggests that poorer countries face increased risk due to a variety of characteristics of the built environment 79 , 80 .
Findings from the systematic literature review of studies examining earthquake-related mortality and injury contribute to an improved understanding of the primary causes of death and types of injury as well as factors that may place certain populations at increased risk. Consistent with prior review articles, this review identified the most common cause of earthquake-related death as building collapse 13 , 74 , 75 , 78 , 80 . In addition, multiple studies highlighted that building type, the rate of collapsed buildings and construction materials were significantly associated with injury and mortality risk. This highlights that building improvements, especially in the design and construction and the enforcement of zoning and building codes, should be central to earthquake prevention and mitigation strategies.
Recurrent characteristics associated with increased risk for both mortality and injury were extremes of age, socioeconomic status and location of individuals at the time of the event. Consistent with the ecological study using the historical event database, individuals and households of lower socioeconomic status were at increased mortality and injury risk. Location, including distance from epicenter, being inside or outside a building, and type of building and location within the building were also strong predictor of earthquake mortality and injury risk. Timing of the event was also associated with mortality and injury risk where earthquakes occurring at night had higher mortality levels than those occurring during the day 74 , 77 .The relationship between sex and mortality and injury was less straightforward. While it is tempting to draw conclusions from these findings, it is important to highlight that 70% and 44% of the 27 mortality studies did not report deaths by sex and age, respectively. In addition, few studies performed significance tests, and an even smaller number controlled for other risk factors in the analyses. When considering the extent to which age and sex may interact with other important risk factors, such as location during the event or characteristics of the built environment, accurately characterizing factors that contribute to mortality and injury risk becomes especially challenging.
The important role of the emergency response and health care systems in reducing mortality and injury in the immediate aftermath of an earthquake was highlighted in a number of studies 18 , 22 , 33 , 81 , it is clear that such systems remain inadequate in many earthquake prone countries that are less developed. Health facilities are especially vulnerable from earthquakes due to direct and indirect damage (losses in utilities and infrastructure) that affect that affect their emergency response capacity. The extensive body of literature on earthquake related mortality and injuries could inform response planning for future earthquakes in high risk areas.
An historical event review such as this can elucidate patterns over place and time as well as factors associated with increased mortality risk, but cannot identify more specific associations. For instance, a number of countryspecific studies have highlighted significant differences in mortality risk by population density, rural/urban area and across diverse geographic regions 77 , 78 , 79 . Particularly in earthquake prone regions or countries, additional research is needed to identify specific characteristics that may place populations at increased risk for mortality or injury during or in the immediate aftermath earthquakes. Nonetheless, statistical models to predict earthquake mortality, can be useful tools for estimating the relative contribution of geographic characteristics and population sociodemographics to earthquake mortality 79 . Compared to other natural disasters a wealth of data and peer review articles on earthquakes exists and there is a comparatively strong evidence base for drawing conclusions on earthquake impact at global, regional, and in some cases national levels.
Limitations
The effects of earthquakes are the subject of gross approximations and aggregations with a great deal of imprecision. The availability and quality of data has likely improved over time and the use multiple data sources increased reporting. However, underestimation of the impacts of earthquakes is substantial because in many events outcomes such as injured and affected are unreported. In addition, inconsistencies and errors were common in data files from different sources. Several challenges were encountered when attempting to model earthquake mortality including a non-normal distribution, which necessitated analysis with a categorical GINI, and development levels representative of the actual earthquake affected areas. Systematic literature reviews are not without their limitations. The articles identified and included in this review is not an exhaustive list, as articles that were not written in English were excluded, and a number of studies meeting inclusion criteria during the abstract review could not be found. Additionally, findings from the included studies are difficult to aggregate because of differences in design, reporting, and study population. Another important series of articles not included in this review is those which report on specific types of injuries and their outcomes; future reviews with an in-depth focus on injury, and to the extent possible, relationships between built environment, injury and outcomes could make an important contribution to the literature.
Conclusions
In the last 30 years, almost 400,000 deaths and 1 million earthquake-related injuries were reported, with an estimated 61.5 million people affected. Approximations of the numbers injured and those made homeless are likely gross underestimates of the true values given low reporting levels. The distribution of earthquake related deaths and injuries vary greatly by region and economic development level with greater magnitude and lower economic development of affected areas associated with increased mortality. Globally, earthquake impact was concentrated in Asia, which had the greatest number of deaths and the largest affected population.
The primary cause of earthquake-related mortality was building collapse most frequently leading to soft tissue injuries, fractures and crush injuries/syndrome. Risk factors for earthquake-related death and injury included
Limitations
Conclusions
Limitations
Conclusions
The primary cause of earthquake-related mortality was building collapse most frequently leading to soft tissue injuries, fractures and crush injuries/syndrome. Risk factors for earthquake-related death and injury included very young and very old age, poor socioeconomic status, being indoors and being in a poorly constructed building during the time of the event. Earthquake losses are likely to increase in future years due to population growth of in high-risk seismic areas and in the case low and medium development areas, inadequate construction quality. Increased attention to earthquake prevention and mitigation strategies, with a focus on the built environment in particular, is necessary. Strategies that are specific to the development level and country context are essential. For instance, improved building construction is not a reasonable short term objective for a country like Haiti. Other interim short term strategies need to be adopted in settings where changes in building codes, their enforcement, construction methods, and other characteristics of the built environment may take decades to achieve.
